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Axon guidanceThe molecules and networks involved in the process of acquisition and maintenance of the form of a mature
neuron are not completely known. Using a misexpression screen we identiﬁed the gene hindsight as a gene
involved in the process of acquisition of the neuronal morphogenesis in the Drosophila adult nervous system.
hindsight encodes a transcription factor known for its role in early developmental processes such as
embryonic germ band retraction and dorsal closure, as well as in the establishment of cell morphology,
planar cell polarity, and epithelial integrity during retinal development. We describe here a novel function
for HNT by showing that both loss and gain of function of HNT affects the pathﬁnding of the photoreceptors
axons. By manipulating the timing and level of HNT expression, together with the number of cells
manipulated we show here that the function of HNT in axonal guidance is independent of the HNT functions
previously reported in retinal cells. Based on genetic interaction experiments we show that part of HNT
function in axonal development is exerted through the regulation of genes involved in the dynamics of the
actin cytoskeleton.niversidad de Chile, Indepen-
alta).
ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
Once a cell is committed to its fate, transcriptional programs are
initiated thatwill control themorphological changes that allow the cell
to acquire its mature shape. For neurons this is a crucial step since it
will permit the acquisition of a proper connectivity and position in the
brain. During their maturation process, neurons extend axons along
speciﬁc paths toward their targets (Chilton, 2006). The extension is
directed by the axon growth cone, which detects and integrates
multiple signals to translate them into directedmovement toward the
target. Guidance cues include attractant and repellent molecules that
are released by the target (neuronal and glial cells) or by other axons in
the vicinity, and are the responsible (Dickson, 2002) to direct the
movements. Therefore, an axon extends towards the synaptic target in
a series of steps interpreting guidance cues in the form of appropriate
extensions and turns to navigate along its particular trajectory.
The motility of the growth cone relies mainly on the actin
cytoskeleton and its regulation is ﬁnely controlled by the interaction
between extracellular signals and membrane receptors in the growth
cone (Pak et al., 2008). Thus, molecules such as small GTPase proteins
Rho, Rac and modiﬁers of their activity have been implicated in the
axonal guidance process (Benarroch, 2007; Lundquist, 2003). Inaddition, receptors to external signals that are associated with
cytoskeleton dynamics such as Robo, Frazzled and DSCAM among
others (Bashaw et al., 2001; Dorsten et al., 2007; Harbott and Nobes,
2005; Mikule et al., 2002) have also been implicated.
The discovery of several transcription factors involved in axonal
extension and guidance (Butler and Tear, 2007) is evidence that the
successful control of axonal growth requires a genetic program
specifying the precise order of expression of receptors and signals.
With the goal of discovering genes that regulate the neuronal
morphogenesis in the postembryonic nervous system,we conducted a
pilot misexpression screen in adultDrosophila neurons.We found that
misexpression of the transcription factor hindsight (hnt) in atonal
neurons of the adult ﬂy, affects the axonal guidance and dendritic
arborization. hnt encodes a nuclear zinc-ﬁnger protein that regulates
several morphogenetic processes such as the embryonic germ band
retraction and the dorsal closure in embryos during early development
(Lamka and Lipshitz, 1999; Pickup et al., 2002; Reed et al., 2001; Wilk
et al., 2000; Yip et al., 1997). HNT has also been involved in the
acquisition of the cell morphology, the epithelial integrity and the
polarity of the photoreceptors during the development of the adult
retina (Pickup et al., 2002). We show here that in photoreceptors cells
(R-cells), both loss and gain of function of HNT causes defects in the
connectivity of the axons in the optic lobe. Furthermore, this function
of hnt is independent of its described roles in cell polarity and adhesion
of retinal cells. Our results indicate that at least part of HNT function in
axonal development is through the regulation of genes involved in the
dynamic of actin cytoskeleton.
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Drosophila lines
Flieswere kept at 25° C on standardmediumwith a 12–12dark-light
cycle. The following lines were obtained from the Bloomington
Drosophila Stock Center (Bloomington, Indiana): UAS-mCD8::GFP
(L. Luo), Rh1-LacZ (G. Rubin), Rh4-LacZ, (C. Desplan), Rh6-LacZ (C.
Desplan), hntXE81(C. Nusslein-Volhard), UAS-DlJ, (A. Martinez-Arias)
UAS-Pakmyr(PKolodziej), UAS-Abl (D. VanVactor), UAS-Ena (JulianNg),
UAS-Sif (Julian Ng), UAS-Hep1 (M. Mlodzik), UAS-BskDN (T. Adachi-
Yamada), GMR-Gal4 (L. Theodore), sev-Gal4 (G. Rubin), FRT19A; ey-
Flp (B. Dickson). The following lines were obtained from the Vienna
Drosophila RNAi Center (VDRC): DCR2, UAS-hntRNAi and UAS-pakRNAi.
From other sources: ato-Gal4-10, FRT19A, tub-Gal80, hsﬂp; nco/CyO
and FRT19A (T. Lee,), EP-line collection (M. F. Ceriani,), 386y-Gal4
(P. H. Taghert), Rh1-τ-LacZ (T. Susuki). For gain and loss of func-
tion experiments the following recombinant lines were generated
(1) UAS-mCD8::GFP; ato-Gal4, UAS-mCD8::GFP (2) yw; GMR-Gal4,
UAS-mCD8::GFP/CyO (3) DCR2; UAS-hntRNAi. For MARCM experi-
ments the following recombinants were generated (1) UAS-HNT,
FRT19A, (2) hntXE81,FRT19A, (3) FRT19A, tubGal80, hsﬂp; GMR-Gal4,
UAS-mCD8::GFP/CyO. For the genetic interaction experiments the
stock UAS-HNT/Y; GMR-Gal4, UAS-mCD8::GFP/CyO was crossed
with female ﬂies carrying the indicated transgene.
MARCM experiments
MARCM(Mosaic analysiswith a repressible cellmarker) cloneswere
generated by mitotic recombination induced with heat-shock (1 h at
37° C, 1 h at room temperature followedby1 h at 37° C) in second instar
larvae as described (Lee and Luo, 1999). Heat shocked larvae were
maintained at 20° C until the end of the development. Adult female ﬂies
of 2–5 days were processed for immunohistochemistry.
Immunohistochemistry
Adult and third instar larval brains and eye discswere dissected and
stained using standard procedures (Walther and Pichaud, 2006; Wu
and Luo, 2006). The following monoclonal antibodies were obtained
from Developmental Studies Hybridoma Bank: rat-anti-Elav (1:10),
mouse-anti-HNT (1:20), mouse-anti-Chaoptin (24B10, 1:100), mouse-
anti-REPO (1:10), mouse-anti-LacZ (1:100) and rat-anti-DNCadherin
(1:20). Rat-anti-mCD8 (1:100) was obtained from Calteg (Burlin-
game, CA, USA). Secondary antibodies were obtained from Jackson
ImmunoResearch (West Grove, PA, USA), rhodamine conjugated
phalloidin was obtained from molecular probes (Invitrogen, OR, USA).
For quantiﬁcation in the eye disc, average ﬂuorescence intensity was
measured in the region of interest (ROI) in areas posterior to the
morphogenetic furrow and normalized by the average intensity of ROIs
in the region anterior to the furrow, where the GMR-Gal4 driver is not
expressed. For quantiﬁcation of phalloidin levels in the optic lobe,
average of ﬂuorescence intensity was measured in the lamina plexus
and normalized by the average of the intensity of the signal to 24B10 in
the lamina Plexus.
Phenotype quantiﬁcation
For larval brains we scored the number of brains with poor (or
absence) lamina plexus in controls and HNT overexpressing brains.
For Bolwig's organ we scored brains with abnormal axon extension
(Fig. 1C). For adult brains we scored brains with 2 or less axons
growing beyond the medulla M6 layer as “Weak Phenotype” and
brains with three or more axons as “Severe Phenotype”. For the
genetic interactions we count the number of axons that grow beyond
the M6 layer in each genotype.Nail polish eye impression and pseudopupil analysis
Nail polish impression of the adult eye was performed as reported
(Arya and Lakhotia, 2006) and photographed using DIC microscopy.
Pseudopupil analysis was performed as described (Agrawal et al.,
2005).
Microscopy and imaging capture
The images were obtained in an Olympus Fluoview-Fv1000
confocal microscope or in an Olympus DSU-BX61WI (Disk Scanning
Unit) Microscope. Image processing was performed with FV-ASW1.4
viewer. For nail polish impressions, a Nikon Eclipse 80i with DIC
objectives was used. Adult eyes were photographed using a Nikon
Coolpix-5000 camera mounted on a Nikon SMZ 1500 stereomicro-
scope. All images were processed with Image J software (NIH) and the
montage of ﬁgures performed with Adobe Photoshop CS. Two tails
Student's T test was used for statistical signiﬁcance.
Results
A misexpression screen to identify genes involved in neuronal
morphogenesis in the adult nervous system
For our initial screening we crossed 300 EP lines (Rorth, 1996)
with the line 386y-Gal4, which drives the expression in the neurons
involved in the ecdysis behavior (the behavior that direct the molds
and eclosion of the imago) in Drosophila. We reasoned that EP
insertions that resulted in signiﬁcant defects in this neuronal circuit
will cause death or some of the well described phenotypes affecting
the process of eclosion of the imago (Zhao et al., 2008). From this pre-
screen we identiﬁed 20 lines with eclosion defects that were further
characterized for axonal defects using a morphological screen. For this
secondary screening we crossed the EP lines with the Gal4-ato10 line,
which drives the expression in the dorsal cluster neurons (DCN,
Hassan et al., 2000). The DCN are a group of around 40 neurons
located dorso-laterally in both hemispheres of the central brain (Fig.
S1A). This cluster is part of the Drosophila adult visual system
innervating the lobula and medulla neuropils of the optic lobes. The
DCN form extensive branches in the lobula and the medulla neuropils.
Neurons from one hemisphere extend dendrites to the ipsilateral
optic lobe that spread into the lobula. The neurons also send axons to
the contralateral lobe where they reach the medulla before the onset
of metamorphosis. Only a fraction of these axons (10–12, Srahna et al.,
2006) are stabilized in the medulla during metamorphosis while the
intervening axons retract to the lobula (Fig. S1B). In the adult, the
number of axons reaching the medulla can be scored and variations in
their number will be the result of several processes including axonal
growth and retraction, targeting and neuronal over-proliferation or
death (Fig. S1C).
One of the EP lines that showed a reduction in the number of axons
had an insertion next to the gene hindsight or pebbled (hnt, Fig. S1D) as
was conﬁrmed by PCR using primers in the P element and the hnt gene
(data not shown). Furthermore, it was the same insertion used as the
founder line to generate the collection (Rezával et al., 2008). As this
line has been used before to drive the expression of HNT (Reed et al.,
2001) we will refer to this line as an HNT expressing line. HNT
misexpression in the DCN neurons produced more than a 50% decrease
in the number of axons reaching the medulla (11.7±0.9 control, 4.6±
1.9 HNT, Fig. S1E), and a 30% decrease in the number of DCNs cells
(24.4±3.6 control, 17.5±4.1 HNT, Fig. S1F).
Inorder todetermine if the strongdefects observed in theDCNaxons
upon HNT expression were the result of overexpression or ectopic
expression, we studied the pattern of expression of HNT in the central
nervous system from third instar larva to adult. HNT expressionwas not
observed in neurons of the central brain at any stage (Fig. S2). However,
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and in the adult (Fig. S2, Pickup et al., 2002).
HNT overexpression in the retina is associated to axon defects
To explore the role of HNT in the axonal growth of the R-cells we
overexpressed HNT using a GMR-GAL4 line that drives the expression
in all cells of the retina. In the optic lobe there are eight R-cell types, the
axons of which make synapses in two neuropiles, the lamina and the
medulla. During larval development, R1-6 cells send their axons to the
lamina, where their expanded growth cones form a dense, distinct
layer called the lamina plexus. Later on, this group of photoreceptors
will make synapses with lamina neurons. R7 and R8 growth cones
project through the lamina and end in the medulla neuropile, where
they stop at different layers, M6 and M3 respectively (Fig. 1A–B and
D–E, Ting and Lee, 2007). In larvae, overexpression of HNT using the
GMR driver produced defects in the growing axons that can be
observed in the lamina plexus; where the axonal projections appeared
disorganized with the consequence of a lamina plexus wider and less
deﬁned than the control (Fig. 1B, C, and K). In addition, we detected an
overgrowth of Bolwig´s nerve (arrowhead in Fig. 1C, quantiﬁcation in
Fig. 1L), which corresponds to the larval visual projection (Malpel
et al., 2002). In the adult, we observed photoreceptors projectionsFig. 1. HNT overexpression in retina cells associates to axon overshooting. (A) Schematic r
Whole-mount larval (B and C) and adult brains (E–H) expressing CD8-GFP under the control
limit between lamina andmedulla axons (lamina plexus) is observed inWT larvae. (C) HNT-
lamina plexus together with an overgrowth of the Bolwig`s organ (arrowhead in C). (E) In th
(labeled in E) not entering into the Lobula (labeled Lo in E). (F) In HNT-overexpressing ﬂies, w
lobula. (G) Superﬁcial view of an optic lobe, showing the axons that come out of the lamina
observed in the HNT-overexpressing brain. (I, J) Whole-mount larval brains of control and H
(I) In control larva three rows of glial cells, the epithelial glia (eg), marginal glia (mg) and m
rows of glial cells remains similar to the control. Quantiﬁcation of lamina plexus defects in op
in adult optics lobes. Scale bar: (C, H, J) 20 μm, numbers on the right of the bars corresponpassing through theM6 layer of themedulla and growing into the lobula
plate (overshooting phenotype, arrows in Fig. 1F, quantiﬁcation in
Fig. 1M). The quantiﬁcation of axons leaving themedulla increases from
1 axon seen in less than 5% of the brains in the control tomultiple axons
in the 100% of the HNT-overexpressing brains analyzed. In addition, the
projections formed by the axons leaving the retina and before entering
themedulla are thicker (1±0.1 arbitrary units in the control compared
to 1.9±0.3 in HNT overexpressing axons, pb0.01) suggesting a higher
number of axons entering the medulla (Fig. 1G and H).
The overshooting phenotype could be due to overgrowth of R1-6
axons and/or R7-8 axons. To distinguish between these two
alternatives we overexpressed HNT with GMR-GAL4 in either of
three different ﬂy strains; a strain with labeled R1-6 axons (Rh1-LacZ
line), a strain with R7 labeled (Rh4-LacZ line) or a strain that has the
R8 labeled (Rh6-LacZ line). First we use the Rh1-LacZ line (In this line
all R1 to R6 axons express LacZ). Control ﬂies do not show axons LacZ
positive in the medulla (Fig. 2A, LacZ in red). In contrast, ﬂies
overexpressing HNT in all cells of the retina show axons labeled with
LacZ that overgrow to the medulla (Fig. 2B). On the other hand,
control ﬂies expressing Rh4-LacZ to label the R7 photoreceptors show
axons in the medulla that stop in the M6 layer; some gaps are
observed because not all R7 express Rh4 (Fig. 2C and D). Rh4-lacZ ﬂies
overexpressing HNT do not show an altered pattern of axons. Theepresentation of 3 rd instar larval (L3) optic lobe and (D) adult optic lobe. (B, C, E–H)
of GMR-Gal4 driver immunostained for CD8 (green) and DLGPDZ (red in E–H). (B) A clear
overexpressing larva shows axons that stop in different positions (arrow) disturbing the
e adult wild type medulla, inner photoreceptor axons stop in M3 (R8) or M6 (R7) layer
e found axons that stop in different layers in themedulla (med) or even further into the
in WT or (H) HNT-overexpressing adult brain; thicker projections compared to WT are
NT overexpressing ﬂies immunostained with N-Cadherin (Magenta) and Repo (Green).
edulla glia (meg) surround the lamina plexus. (J) When HNT is overexpressed the three
tic lobes (K) or Bolwig´s organ (L) of third instar larvae. (M) Quantiﬁcation of the defects
d to the number of optic lobes scored.
Fig. 2. HNT overexpression changes the R1-6 axon targeting from the lamina to the
medulla. (A–F) Whole-mount adult brains stained with anti-LacZ (red) and CD8 for the
R-cell axons (green). (A, B) Optic lobes of ﬂies expressing the marker Rh1-LacZ, (R1-6
marker) of (A) WT where no labeling for LacZ is observed in the medulla, or (B) HNT-
overexpressing ﬂies where several axons positive for LacZ are observed, showing that
R1-6 axons change its target to medulla layers with some of them growing to the lobula
(arrow). (C, D) Optic lobes of ﬂies expressing Rh4-LacZ transgene (R7marker) of (C)WT
or (D) HNT-overexpressing, the pattern is similar to the control. (E, F) Optic lobes of ﬂies
expressing Rh6-LacZ transgene (R8 marker) of (E) WT or (F) HNT-overexpressing, no
overgrowth or changes of layer can be observed. Scale bar: 25 μm.
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photoreceptor cells (Fig. 2E and F). As we did not observe R7 or R8
labeled photoreceptors with overgrowth phenotype we concluded
that the overexpression of HNT produces overgrowth only in R1-6
axons.Fig. 3. HNT overexpression phenotype is cell autonomous. Confocal projection images
of the medulla neuropile. MARCM clones overexpressing HNT were visualized by
immunoﬂuorescence with anti-CD8 (green). Chaoptin (red) staining was used to
visualize all photoreceptors. (A) Control clones stop at M3 or M6 layers. (B) Clones
overexpressing HNT grow beyond M6 medulla layer. Scale bar: A and B, 10 μm.HNT overexpression phenotype in axons is not due to glial defects and is
cell autonomous
It has been reported that a group of glial cells in the lamina are
necessary for the correct targeting of the R1-6 to the lamina plexus
during larval development (Poeck et al., 2001). To explore if defects
on glial cells have a role in the phenotype observed, we assessed the
glial cell differentiation marker REPO in the lamina of wild type and
HNT overexpressing third instar larvae. We observed in both cases the
three described rows of glial cells in the lamina plexus, epithelial glia,
marginal glia and medulla glia (Fig. 1I and J). This result supports the
view that the growth defect produced by HNT overexpression is not
secondary to defects in glial cell development.
Some of the retinal defects reported for HNT loss of function in the
retina are non-cell autonomous (Pickup et al., 2009). To explore this
possibility in the gain of function axonal phenotype we conducted
experiments using the MARCM technique (Lee and Luo, 1999) tooverexpress HNT in few cells of the retina. We found that over-
expressionofHNT in small groups of cells produced the samephenotype
as the overexpression of HNT in all cells of the retina (Fig. 3A and B). In
contrast to what is seen in control axons, which stop at M6 layer,
individual axons overexpressing HNT show a medulla overshoot
phenotype and do not follow parallel trajectories.
We investigated a possible change of neuronal or photoreceptor fate
evaluating single cell clones overexpressing HNT for neuronal and
photoreceptormarkers.Wedidnot detect any change on the expression
of the markers evaluated (Fig. S3), in agreement with a recent report
(Pickup et al., 2002).
HNT is necessary for correct axon navigation in R-cells in a cell
autonomous and non-cell autonomous manner
In order to determine the physiological role of HNT in photo-
receptorswe conducted experiments to investigate the effect of loss of
function of HNT in photoreceptors. We expressed a UAS-HNTRNAi
construct in combination with Dicer2 (DCR2) enzyme using the GMR-
GAL4 driver and assessed the decrease of HNT by immunoﬂuorescence
in larval eye discs; we detected a 30–40% decrease of the immuno-
ﬂuorescence for HNT in the most posterior rows of the eye disc
(Fig. S4A-C). Additionally, we tested the consequences of this decrease
by assessing the rescue of theHNT-dependent rough eye phenotype by
RNAi expression. The expression of the RNAi construct was able to
rescue the overexpression phenotype, conﬁrming the efﬁciency of the
downregulation (Fig. S4D-G). Furthermore the downregulation by
itself did not correlate with defects in eye morphology (Fig. S4E).
The decrease of HNT expression in R-cells resulted in axons with
loss of the stereotyped parallel array observed at the surface of the
medulla inwild type (Fig. 4A and B). Furthermore, HNTdeﬁcient axons
made sharp turns indicating pathﬁnding defects (Fig. 4C and D). We
also found some axons with medulla overshoot phenotype (1 or 2 per
optic lobe, not shown). In order to determine if the defects observed
were photoreceptor type speciﬁc we expressed HNTRNAi using the
GMR driver in Drosophila lines that have photoreceptor speciﬁc
rhodopsin reporters. The downregulation of HNT in all cells of the
retina caused alterations in all photoreceptors types. Hence the axonal
pattern of R7 and R8was altered indicating guidance defects and R1-6
axons overgrow to the medulla ganglia (Fig. 5A–F). The fact that R1-6
axons overgrow upon overexpression and downregulation of HNT
indicates that HNT is required in precise quantities for a correct
targeting of R1-6 axons.
To explore if these phenotypes are cell autonomous, we analyzed
the consequences of the loss of HNT function using the MARCM
procedure in combination with a null allele of HNT (hntXE81, Pickup
et al., 2002). MARCM clones display the same phenotype as the
observed upon downregulation of HNT using an RNAi line (Fig. 4E–H).
Furthermore we could observed that mutant axons form bundles at
the surface of the medulla, indicating a defect in axon-axon repulsion
915C. Oliva, J. Sierralta / Developmental Biology 344 (2010) 911–921(Fig. 4G, in the inset a higher magniﬁcation of the region labeled by an
arrowhead is shown), and that some axons branch in the medulla
surface (Fig. 4G). In addition we detected a weak growth defect, since
some mutant axons displayed the medulla overshoot phenotype
(Fig. 4H). Interestingly some non-mutant axons also showed
overshoot indicating a non-autonomous requirement for hnt in axon
development (Fig. 4I, arrow). The downregulation or loss of function
of HNT in clones was not associated to differentiation defects. Clones
mutant for HNT had normal expression of neuronal and general R-
cells markers such as ELAV and Chaoptin (Fig. S5A–F). Moreover the
downregulation of HNT did not affect the expression of the speciﬁc
rhodopsins Rh4 and Rh6 respectively (axons with lower expression of
HNT do not show a decreased staining for LacZ, compared to control),
not supporting the hypothesis that the axonal defect is due to a
change of fate of the R-cells (Fig. 5C–F).Fig. 4. HNT loss of function associates to axon guidance defects. (A–D) Superﬁcial confocal s
with anti-CD8 antibody showing photoreceptor axons before entering the medulla. (C) and (
each other. (B, D) Axons expressing HNTRNAi present an altered pattern with axons making l
Chaoptin (red) was used to stain all photoreceptor cells. (E)WT axons run parallel to each oth
of direction (F), forming bundles on themedulla surface (G, arrow head, inset), showing bran
axons with overshoot phenotype in animals with mutant axons (arrow). Scale bar: (A, B) 2In summary, loss of function of HNT resulted in axonal defects
without affecting the differentiation of R-cells supporting a role for
HNT in the axonal development.
HNT regulates axon development independently of eye morphogenesis
hnt encodes a protein predicted to be a transcription factor, which
has been involved in several aspects of the photoreceptors morpho-
genesis, including the formation of the rhabdomeres and the adhesion
between cells of the ommatidia (Pickup et al., 2002); hnt mutants
display rough eye phenotype. Thus, we wondered if the axonal defects
were secondary to thegeneral defects inmorphogenesis. To answer this,
we evaluated the association between the external eye morphology
phenotype and the overshooting axons. These two phenotypes were
evaluated in ﬂies with gain and loss of function of HNT in all retinal cellsections of control (A and C) or HNTRNAi-expressing (B and D) adult optic lobes labeled
D) are 2x magniﬁcations of (A) and (B) respectively. (A, C) Control axons run parallel to
oops and turns. (E–I) Loss of function MARCM clones visualized with anti-CD8 (green),
er in themedulla surface. (F–H)Mutant axons have guidance defects, showing changes
ching defects (arrow in G) and overshoot phenotype (H). (I)We also observed wild type
0 μm (E to I) 10 μm.
Fig. 5. HNT downregulation produces different defects in axon guidance in different R-
cells subtypes. (A–F) Superﬁcial view of adult medulla stained with anti-LacZ antibody.
(A) Control and (B) HNTRNAi ﬂies expressing Rh1-lacZ reporter, no labeling for LacZ is
observed in the medulla in the control while axons positive for LacZ are observed in
HNTRNAi ﬂies, showing that R1-6 axons overgrow to medulla layers. (C, D) Optic lobes of
ﬂies expressing Rh4-LacZ transgene (R7 marker) of Control (C) and (D) HNTRNAi ﬂies
expressing Rh4-LacZ reporter, the axonal pattern is altered in ﬂies with a down-
regulation of HNT. (E, F) Optic lobes of ﬂies expressing Rh6-LacZ transgene (R8 marker)
of Control (E) and HNTRNAi ﬂies (F), similar to R7 axons, the pattern looks less organized
and less structured. Scale bar: 25 μm.
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technique (Fig. 6). The overexpression of HNT causes a rough eye
phenotype and overshooting of the R1-6 axons beyond the medulla
(Fig. 6A, B, G, H, M, and N) as described (Fig. 1E–F). On the other hand,
the overexpression using MARCM produced axons with overshoot
phenotype butwith onlyminor defects in the external eye (Fig. 6C, I and
O; quantiﬁcation in Fig. 6S–T). Interestingly, a higher number of
overshooting axons were observed in the MARCM ﬂies than in GMR-
HNTﬂies (Fig. 6T). This could bedue to the fact that theMARCMcells get
a double dose of the HNT transgene after the recombination, and
suggests a dose dependent effect for the axonal phenotype. We also
evaluated the same parameters in ﬂies overexpressing HNT using the
sevenless-Gal4 line, which drives the expression in R7 and transiently in
R3-R4 cells during R-cells speciﬁcation (Fig. 6D, J and P). Thus, the
overexpression of HNT is at the beginning of development in a subset of
the photoreceptors, and not in later stages when axons are growing. As
expected,we did not detect axonal overshooting (Fig. 6P). However, the
rough eye phenotypewas clear (Fig. 6D and J), although not as strong as
theoverexpressionusingGMR-Gal4. Thus,wecoulddissociate the rough
eye phenotype from the axonal overgrowth phenotype. To evaluate the
loss of function we generated mutant eye patches using the eyeless-
ﬂipase system. In this case we detected a strong rough eye phenotype
(Fig. 6E and K) and a mild axon overshooting phenotype (Fig. 6Q). In
addition, we evaluated the eye phenotype in ﬂies expressing hnt-RNAiin combinationwith Dicer2 in all retina cells using theGMR-Gal4 driver.
We did not detect signiﬁcant defects in the eye (Fig. 6F and L) but we
could detect axons with overshooting phenotype (Fig. 6R). Further-
more, we found a normal pseudopupil pattern in the RNAi-expressing
eyes (Fig. 6U and V). These results are consistent with the idea that the
observed axonal defects are not consequence of the morphological
defects in the ommatidia.
Axon defects associated to overexpression of HNT do not depend on the
disruption of the JNK or delta/notch pathways
HNT function has been associated to the regulation of cell adhesion
during the dorsal closure process through themodulationof JNK (c-Jun
N-terminal kinase) enzyme (Reed et al., 2001, Fig. 7A). We explored
the linkage between this pathway and the axonal phenotype using a
dominant negative form of Basket (BskDN), the Drosophila JNK. Based
on the mechanisms proposed for HNT function in the embryo, HNT
overexpression should result in decreased JNK activity (Reed et al.,
2001). BskDN is a competitor of the endogenous JNK, downregulating
the JNK pathway. Then, overexpression of HNT or expression of BskDN
is expected to have the same phenotype in thismodel. On the contrary,
the overexpression of BskDN did not resemble the HNT phenotype
(compare Fig. 7D and E). Although we observed mistargeting and
some loop formation in the axons, we did not observe the overshoot
phenotype. In addition, the overexpression of Hemipterous (Hep), the
Drosophila JNKK (the upstream activator of JNK) did not produce a
defect by itself (Fig. S6) and did not rescue the overexpression of HNT
as should be expected from the model (compare Fig. 7D and F).
It has been shown that HNT regulates Delta/Notch pathway in the
Drosophila eye by increasingDelta (Dl) expression in the R-cells (Fig. 7B,
Pickup et al., 2009). Thus, we explored the possibility that the
perturbation of Delta/Notch pathway is involved in the HNT-associated
axonal phenotype. However, when HNT is overexpressed together with
Delta using the GMR-Gal4 driver we did not detect an enhancing of the
axonal phenotype (compare Fig. 7D and H).
The above results are not compatible with the involvement of JNK
or Notch/Delta pathways downstream of HNT function in axon
development.
Possible pathways for HNT
The polymerization–depolymerization cycle of the actin is impor-
tant for the extension of the growing axons (Pak et al., 2008). hnt has
been reported to regulate the dynamic of the actin cytoskeleton
during germ band retraction in the embryo (Yip et al., 1997). It has
also been demonstrated that hnt-mutant clones in the retina have less
polymerized actin in the rhabdomeres as evaluated by phalloidin
staining. To explore whether HNT is involved in the actin metabolism
during axon development of R-cells, we examined whether HNT
overexpression phenotype was modiﬁed by changes in the level of
proteins involved in actin dynamics. Central for the actin polymer-
ization dynamic is the Rho and the Rac/Cd42 family of small GTPases
pathway. It has been postulated that Rac pathway antagonizes the
Rho pathway in order to regulate axon growth Fig. 8A, (Luo, 2000).
We investigated the possibility that some components of these
pathways could modify the HNT overexpression phenotype. For Rac
pathway we examined the effector p21 activated kinase (Pak), which
inhibits the axon growth through activation of Lim kinase (LimK), and
the RacGEF factor Still life (Sif), which has been shown to promote
axon growth through a Pak independent pathway (Ng and Luo, 2004).
For the Rho pathwaywe examined p190-RhoGAP, which inhibits axon
retraction (Luo, 2000). The overexpression of Sif or RhoGAP190
together with HNT produced an increase in the axon overgrowth
phenotype (Fig. 8B–D, quantiﬁcation in K), while a constitutive active
form of Pak produced a suppression of the HNT overexpression
(Fig. 8E). Although we still noticed axon guidance defects, almost all
Fig. 6. HNT-related axonal overgrowth phenotype is independent of its function in retinamorphogenesis. (A–F) Photographs of external eyes. (A) Controlﬂies expressingGMR-Gal4 alone
have no morphological defects. (B) Flies overexpressing HNT in all retinal cells have rough eyes and black spots. (C) In MARCM ﬂies no defect is observed at this resolution. (D) Flies
overexpressingHNTwith sev-Gal4 driver, have rough eyes. (E) Flieswith loss of function of HNTusing the ey-Flp/FRT systemhave rough eyes. (F) Flieswith a downregulation ofHNThave
normaleyes. (G–L)Nail polish imprintingof the eyes, showing amoredetailed structureof the ommatidia. (G)Controlﬂies. (H)HNToverexpressingﬂies, severaldefects suchasommatidia
fusionandpolarity defects areobserved. (I) UAS-HNT-MARCMﬂies, almost all ommatidiahaveanormalphenotype, only occasionallyweobserveddefects (arrow). (J) Flies overexpressing
HNT under the control of sev-Gal4 driver, defects in ommatidiamorphology are observed. (K) In ey-Flp/FRT ﬂies severe defects similar to GMR-HNT overexpressing ﬂies can be observed.
(L) Flies expressing HNTRNAi, the omatidia have a control pattern. (M–R) Confocal images of optic lobes stainedwith anti-Chaoptin and anti-CD8. (M) Control, axons arrive to themedulla
where they stop and formanorganizedpattern. HNT-overexpressingﬂies in all retina cells (N) or in small groups of cells (MARCM, (O)) show that several axons cross beyond theM6 layer
(arrows). (P) Flies overexpressing HNT under the control of sev-Gal4 present a wild type pattern of axons in the medulla. (Q) ey-FLP/FRT ﬂies present some axons with an overshoot
phenotype. (R) Flies expressingHNTRNAi showaxonovershoot. (S) Quantiﬁcationof ommatidiawithout hexagonal arrangement. (T)Quantiﬁcation ofmedulla overshoot phenotype (MO)
in each genotype. (U) Pseudopupils of control (DCR2; GMR-Gal4) ﬂies. (V) Pseudopupils of HNTRNAi-expressing ﬂies (DCR2; GMR-Gal4/HNTRNAi), a normal pattern of rhabdomeres is
observed.
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normal thickness of the axon projections was observed on the optic
lobe surface.
Another protein that regulates axon growth is the Abelson kinase
(Abl). It has been shown that Abl regulates actin polymerization
through the actin-severing factor Enabled (Ena) (Bashaw et al., 2000).
When we overexpress HNT and Abl or Ena, we observed signiﬁcant
changes in the number and length of the overgrown axons, compared
with HNT alone (compare Fig. 8F and G, quantiﬁcation in K). It is
important to emphasize that none of the actin dynamic regulators
tested here produced a signiﬁcant phenotype by itself in heterozygosis
(Fig. 8K). Our results of the capacity of Pak to rescue the HNT
overexpression suggest that Pak could be a target of HNT during R-
axons formation. Besides it has been shown that Rac regulates Pak
during R-axons formation (Newsomeet al., 2000). Thereforewe tested
the possibility that Rac could regulate Pak via the regulation of HNT.
For this we used RacDN which produces severe growth defects in R-
cells by affecting the function of the small GTPase Rac (Newsome et al.,
2000). We reasoned that if HNT produced an overgrowth phenotypeaffecting genes that act downstream of Rac function, then HNT should
be able to rescue the axon growth defects caused by expression of
RacDN. We found that HNT was unable to modify the phenotype of
RacDN (Fig. S7). These results show that HNT does not seem to act
downstream of Rac, suggesting that it acts either upstream or in a
parallel pathway.
These results demonstrate that HNT overexpression is able to
modulate in a direct or in an indirect way, genes that are involved in the
cytoskeletondynamic. Inorder to determine if this is a physiological role
forHNT in the photoreceptorswe evaluated the interaction between the
activity of Pak andHNT. For this we expressed the UAS-HNTRNAi and the
UAS-PakRNAi constructs together using the GMR-Gal4 driver (Fig. 8I and
J, quantiﬁcation in L). The downregulation of Pak and HNT at the same
time enhanced the phenotype of the downregulation of HNT and the
downregulation of Pak alone, supporting a physiological role of HNT in
the dynamic of the cytoskeleton.
To determine if hnt expression affects the actin cytoskeleton
remodeling, we examined the polymerized actin in the growth cones
using phalloidin staining (Fig. 9). Using the eyeless-FLP/FRT system
Fig. 7.HNT does not signal through JNK or Notch pathways to regulate axon growth. (A, B) Models for HNT participation in JNK (A) and Notch pathways (B). (C–H) Confocal sections
of adult optics lobes, CD8 (green), DLGPDZ (red). (C) Control ﬂies. (D) Flies overexpressing HNT under the control of GMR-Gal4 show medulla overshoot phenotype. (E)
Overexpression of BskDN, produces defects different from the ones observed by overexpression of HNT (arrows indicate medulla meandering defects). (F) The overexpression of Hep
together with HNT does not rescue the medulla overshoot phenotype. (G) Flies overexpressing Dl have defects in the axon pattern in the medulla. (H) Dl and HNT overexpression
show medulla overshoot phenotype similar to HNT overexpression alone. Scale bar: 25 μm.
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clones compared to labeled clones in wild type animals. These results
support a role for HNT in the activity of genes involved in the
regulation of actin cytoskeleton.
Discussion
Using a gain of function screen aimed to identify genes involved in
pathways controlling the neuronal morphology in the adult brain of
the ﬂy we identiﬁed the gene hnt (Reed et al., 2001) as a regulator of
neuronal morphogenesis. Our results show that this gene regulates
several aspects of neuronal morphogenesis, such as axon growth,
pathﬁnding and axon-axon interaction.
Hindsight functions in R-cell axon development
The most notorious axonal phenotype observed upon hnt over-
expression in the R-cells is the medulla overshoot phenotype. We
demonstrated that the invasion of photoreceptors projections into the
lobula is the result of mistargeting of the R1-6 projections in the optic
lobe. On the other hand, downregulation of hnt in all cells of the retina,
or loss of function in some of them, causes that R-cells axons form
bundles and make turns in the surface of the optic lobe, stalling at the
surface of the medulla and also R1-6 axon overshooting. In contrast to
the HNT overexpression phenotype, the expression of HNTRNAi
produces a pattern in the medulla surface with fascicles of normal
thickness, suggesting that a normal number of axons from the lamina
are entering the medulla. However using lines with photoreceptor
type speciﬁc markers we could detect R1-6 axons invading the
medulla The fact that overexpression and downregulation of the
expression of HNT results in R1-6 axons overgrowing beyondM6 layer
indicates that hnt is controlling a factor or a group of proteins required
in precise quantities to allow axons to stops in its correct layer.The hnt gene has been involved in the establishment of polarity
and rhabdomere formation of the R-cells. However, we could
dissociate the retinal phenotype from the axonal phenotype.
Interestingly, the HNTRNAi line used in our experiments did not
produce external eye defects, supporting the notion that the axonal
phenotype is not secondary to differentiation defects in the R-cells
This phenotype is different from Pickup et al. (2009), as they reported
severe eye defects using a different HNTRNAi line. A plausible
explanation is that the HNTRNAi line we used is less effective in
decreasing the HNT protein than the one used by Pickup et al. (Fig. S4).
This result suggests a greater sensitivity to the HNT dose for the
axonal phenotype than for the eye phenotype. Another evidence that
supports that axon defects are not secondary to a differentiation
defect of R-cells is that the Rh1-LacZ marker (R1-6 marker) is
expressed in cells with downregulation or overexpression of HNT,
despite that both gain and loss of function produces the axonal
overgrow to the medulla. Furthermore, we detected a normal
expression of Rh4-LacZ (R7 marker) and Rh6-LacZ (R8 marker)
markers in cells with both, gain and loss of function of HNT. In
addition in the gain of function and downregulation of HNT in all R-
cell we did not detect an increase in the number of axons of R7 or R8
subtype, not supporting the R1-6 cells are changing their fate to R7 or
R8 subtype.
Other molecules, such as Flamingo, Bifocal (Bif) and misshapen
(Msn), involved in the R-cell axon morphogenesis also have a role in
ommatidial development (Bahri et al., 1997; Das et al., 2002; Paricio
et al., 1999). Notably, the function of Flamingo in axon development
and eye morphogenesis has been demonstrated to be independent of
each other (Senti et al., 2003). The evidence supports an initial role of
HNT during the development of the Retina that involves the JNK and
Notch pathways (Pickup et al., 2002; Pickup et al., 2009). However our
results show that the role of HNT in axon development is independent
of JNK or Notch pathways.
Fig. 8. HNT phenotype is modiﬁed by manipulation of the expression levels or activity of cytoskeleton regulators. (A) Diagram of the known signal transduction cascades that
regulates actin polymerization. (B–K) Drosophila brains labeled with anti-Chaoptin (B–G) or anti-CD8 (H–J), to visualize R-cells axons. (B) Optic lobe expressing GMR-Gal4 driver
alone or (C) overexpressing HNT showing the characteristic overshoot phenotype. (D) Flies overexpressing HNT and SIF show an enhanced medulla overshoot phenotype. (E) Flies
overexpressing HNT and PakCA show a suppression of the medulla overshoot phenotype. (F) Flies overexpressing HNT and Abl, show an enhancement of the medulla overshoot
phenotype. (G) Flies overexpressing HNT and Ena show a decrease of themedulla overshoot phenotype. (H) Flies expressing HNTRNAi alone or (I) PakRNAi alone show only one or two
axons growing beyond the medulla. (J) When both RNAs are expressed together the number of axons is notoriously increased. (K) Quantiﬁcation of gain of function interaction.
(L) Quantiﬁcation of RNAi interactions. At least 10 optic lobes were scored for genotype. Scale bar: 25 μm. ***=pb0,001.
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It has been shown that defects in the lamina glial cells results in an
overshoot phenotype of the R1-6 cells. For instance mutants for non-
stop (not) have glial migration defects that are the origin of the axon
defects (Poeck et al., 2001) and mutations in the SAGA transcription
factor reduces the glia layer with the same consequence in the axons(Weake et al., 2008). However, we show here that HNT over-
expression does not cause defects on the distribution of glial cells in
the lamina, not supporting a role of the glia in the hnt-related axonal
phenotype of R1-R6 cells. On the other hand, a very similar phenotype
of overgrow of R1-6 is observed upon loss of function of the brakeless
(bks) gene or the overexpression of runt (run) in photoreceptors (Rao
et al., 2000; Senti et al., 2000). Bks and Run are both nuclear proteins;
Fig. 9. HNT loss of function produces a decrease in actin polymerization in R-cells axons.
(A–D) Drosophila larval brains labeled with anti-Chaoptin (green) to visualize R-cells
axons and phalloidin (red) for visualization of polymerized actin. (A–C) Control hntXE81/+
brain. (B–D) Large clone of R-cell mutant axons, obtained using the ey-Flp/FRT technique.
Arrow indicates the lamina plexus. Note the decrease in the phalloidin staining, especially
in the lamina plexus of mutant larvae. (E) Quantiﬁcation of phalloidin levels in the lamina
plexus, the data is presented as a ratio between phalloidin and chaoptin signal
(*=pb0.05).
920 C. Oliva, J. Sierralta / Developmental Biology 344 (2010) 911–921it has been demonstrated that Bks represses the expression of Run in
R2 and R5 photoreceptors without changing the type speciﬁc
expression of rhodopsins or the expression of photoreceptors
developmental markers (Kaminker et al., 2002). Compatible with
this, the overexpression of Run in all photoreceptors produces an
overgrowth of the R1-6 axons. Despite the similarities of the
phenotype, neither loss of function of Bks or overexpression of Run
produces an overgrowth beyondM6 layer. We do not discard that Bks,
HNT and Runt interact or act in the same pathway. This is an
interesting issue to investigate in future work.
Additionally to the R1-6 phenotype, HNTRNAi expression in all
photoreceptors produced pathﬁnding and bundling defects in axons
of R7 and R8 subtypes. Interestingly axons forming bundles have been
reported for loss of function of adhesion molecules such as NCad,
Flamingo and Golden Goal (Gogo, Tomasi et al., 2008), suggesting that
HNT could act controlling some of these proteins. The fact that we
observed some non-autonomous effect also is consistent with the
regulation of adhesion molecules as these proteins mediate axon-
axon interactions. This issue will be addressed in future research.
Our results show that a groupof genes involved in thedynamic of the
actin cytoskeleton, such as pak, ena, abl, sif, rhogap190 and rac are
modiﬁers of the HNT overexpression phenotype. Actin cytoskeleton is
the main driver of axon guidance (Pak et al., 2008) and molecules such
as Rac Dock, Trio, Pak, Bif and Msn (Ng et al., 2002; Rao, 2005) that
participate in actin cytoskeleton regulation have been shown to
inﬂuence R-cell axon guidance. Interestingly loss of function alleles of
rac, dock, pak, bif and msn also present R-cell axons passing through to
themedulla (Berger et al., 2008; Ruan et al., 2002) and generatemedulla
bypass and medulla overshoot phenotypes, similar to the gain and loss
of function of hnt. Our results show that downregulation of Pak
enhances the overshoot phenotype of the HNT downregulation,
suggesting a physiological role for HNT in the axon growth through
pathways that regulate actin metabolism. During embryonic develop-mentmsn and pak, similar to hnt, are involved in the actin cytoskeleton
control during the dorsal closure through the JNK pathway (Noselli and
Agnes, 1999) and no interaction has been found betweenmsn and jnk in
the axon development (Ruan et al., 2002), compatible with a different
role for the JNK pathway in photoreceptors axon growth. In support of
the involvement of HNT in actin cytoskeleton, Pickup et al. (2002) have
shown that mosaic ﬂies mutant for hnt show a reduced phalloidin
staining in the mutant rhabdomeres indicating a reduction of F-actin as
a consequence of the absence of HNT. Here we found that the loss of
function of HNT correlates with a decrease of F-actin in the axons
growth cones. A possible explanation for our observation that hnt loss
and gain of function can both produce axon overshooting, is the
alteration of F-actin levels. It has been shown that actin polymerization
is necessary to regulate axon guidance and not strictly for axonal
growth. Thus, axons depleted of F-actinmove forward further thanwild
type axons but they lack direction (Bradke and Dotti, 1999; Pak et al.,
2008).
In summary, we describe here a novel function for the nuclear
protein HNT in the regulation of several aspects of axon development
in R-cells. We also show results compatible with part of this function
been through the regulation of actin-cycle of polymerization–
depolymerization. Our observations expand the set of functions
described for the hnt transcription factor, reﬂecting the complexity
of developmental programs and how they can be used at different
times and places during the ontogeny of an organism.
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